Influence of Al-doped ZnO Transparent Contacts Deposited by a Spray Pyrolysis Technique on Performance of HIT Solar Cells  by Bedia, F.Z. et al.
 Energy Procedia  50 ( 2014 )  853 – 861 
Available online at www.sciencedirect.com
ScienceDirect
1876-6102 © 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD) 
doi: 10.1016/j.egypro.2014.06.104 
.?<#EK<IE8K@FE8CFE=<I<E:<FE.<:?EFCF>@<J8E;'8K<I@8CJ=FI,<E<N89C<E<I>P	EM@IFED<EK
8E;-LJK8@E89@C@KP	.',-
#E=CL<E:<F= C
;FG<;4E)KI8EJG8I<EK :FEK8:KJ;<GFJ@K<;9P8
JGI8PGPIFCPJ@JK<:?E@HL<FEG<I=FID8E:<F="#.JFC8I:<CCJ
 4 <;@88	9	:	  <;@88	9	:	'@CC<I@<8	9	 ('8CFL=@;	  !<EKP8	9	 <EPFL:<=:
 ,(3$/0(17#$-// (,$
$16/ ,"$
!2.$*$" $16/ ,"$
"!-2 )/$*) (#,(3$/0(15	*$+"$,*&$/( 
#,(3$/0(17#$ -// (,$
$16/ ,"$
%342$&4
.I8EJG8I<EK 8E;:FE;L:K@M<C
;FG<;4E)4)K?@E=@CDJN<I<;<GFJ@K<;9PJGI8PGPIFCPJ@J 8E;8E8CPJ<; @E K?<8@DKF
@DGIFM<FGK@:8C8E;<C<:KI@:8CGIFG<IK@<J@EMFCM<;@EK?<<==@:@<E:PF= "<K<IFJKIL:KLI< N@K? #EKI@EJ@: .?@E&8P<I"#.JFC8I :<CC
2
I8P;@==I8:K@FED<8JLI<D<EKJ?FNJK?8K4)=@CD>IFNEFE>C8JJ?8JGI<=<II<;FI@<EK8K@FE"@>?FGK@:8CKI8EJD@KK8E:<
M8CL<F=R@EK?<M@J@9C<I<>@FEN8JF9J<IM<;8E;K?<FGK@:8C98E;>8GN8J=FLE;KF9<<08K IFFDK<DG<I8KLI<.?<
@E=CL<E:< F=4) K?@E =@CDJ 8J KI8EJG8I<EK :FE;L:K@M< FO@;<.)FE?<K<IFALE:K@FEN@K? @EKI@EJ@: K?@E
C8P<I "#. JFC8I :<CC
G<I=FID8E:<N8J@EM<JK@>8K<;LJ@E>JF=KN8I<J@DLC8K@FE .?<9<E<=@:@8C<==<:KF=@DGC<D<EK@E>4)=IFEK:FEK8:K=FI@E:I<8J@E>
<C<:KI@:8C<E<I>P:FEM<IJ@FEGIFG<IK@<JF="#. JFC8I:<CC :FDG8I<;KFK?<I<=<I<E:< :<CCN@K?FLKK?<4) C8P<I
S  .?<LK?FIJ*L9C@J?<;9PCJ<M@<I &K;
-<C<:K@FE8E;G<<I
I<M@<NLE;<II<JGFEJ@9@C@KPF= K?<LIF
'<;@K<II8E<8E#EJK@KLK<=FI-LJK8@E89C<<M<CFGD<EK/'#-
$54-/#04)	 .)	"#.JFC8I:<CC	 ==@:@<E:P
	 /420'5&4,0/
.I8EJG8I<EK:FE;L:K@M<FO@;<.)=@CDJ?8M<?@>?KI8EJD@KK8E:<@EK?<M@J@9C<I<>@FEF=K?<<C<:KIFD8>E<K@:
JG<:KILD :FD9@E<; N@K? I<8JFE89C< ?@>? :FE;L:K@M@KP .) =@CDJ ?8M< K?<I<=FI< 9<<E LJ<; <OK<EJ@M<CP 8J
 FII<JGFE;@E>8LK?FI 8K@D84F?I8 <;@8
+ (* ##/$00 =79<;@8P8?FF=I
© 2014 Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
Selection and peer-review under responsibility of the Euro-Mediterranean Institute for Sustainable Development (EUMISD) 
854   F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 
:FDGFE<EKJ @E FGKF<C<:KIFE@: ;<M@:<J N@K? 8GGC@:8K@FEJ @E "<K<IFJKIL:KLI< N@K? #EKI@EJ@: .?@E &8P<I "#. JFC8I
:<CCJ	 C@>?K <D@KK@E> ;@F;<J &J	 =C8K 8E; KFL:? G8E<C ;@JGC8PJ 5
6 4@E: FO@;< 4E) ?8J 9<<E 8:K@M<CP
@EM<JK@>8K<; 8J 8E 8CK<IE8K@M< KF K?< JK8E;8I; #E;@LD .@E )O@;< #.) D8K<I@8C LJ<; @E K?<J< 89FM< D<EK@FE<;
8GGC@:8K@FEJ	 9<:8LJ< 4E) @J:?<8G<I	EFE
KFO@:8E;I<8;@CP8M8@C89C<#DGLI@KP
;FG<;4E)@JDFI<8GGIFGI@8K<=FI
.)8GGC@:8K@FEJ9<:8LJ< K?< <C<:KI@:8C :FE;L:K@M@KP F=LE;FG<; 4E)@JEFK ?@>? <EFL>? KF9<LJ<;8J.)5	6
FG@E>4E)N@K?!IFLG###<C<D<EKJC	 #E 8E; !8;I8JK@:8CCPCFN<IJK?<<C<:KI@:8CI<J@JK@M@KP5
6F=K?<D8K<I@8C
;L<KFG8IK@8C JL9JK@KLK@FE9P ;FG8EK<C<D<EK F= 4E @FEJ	 K?<I<9P:I<8K@E>8;;@K@FE8C<E<I>PC<M<CJ @EK?<98E;>8G
.?<J< <E<I>P C<M<CJ GC8P J@>E@=@:8EK IFC< @E K?< F9J<IM<; FGK@:8C KI8EJD@KK8E:< F= 4E) =@CDJ .?<I<=FI<	 K?<
FGK@D@Q8K@FE F= K?< :FE:<EKI8K@FE F= K?< ;FG8EK <C<D<EK @J F= GI@FI @DGFIK8E:< @E K?< 8@DF= 8E @DGIFM<D<EK F=
FGK@:8C 8E;<C<:KI@:8CGIFG<IK@<JF= 4E)=@CDJ#E8;;@K@FE	;FG<;4E)K?@E=@CDJ	JL:?8J4)8E; !8
;FG<;4E)
!4)	 N@K?8 K<OKLI<;JLI=8:< JKIL:KLI<8JN<CC 8J8?@>? KI8EJD@KK8E:< @E K?<E<8I @E=I8I<;I<>@FE?8M< I<:<EKCP
8KKI8:K<; DL:?8KK<EK@FE=FIKI8EJG8I<EK<C<:KIF;<8GGC@:8K@FEJ@EJ@C@:FE JFC8I:<CCJ 5	 6
"<K<IF
ALE:K@FE N@K? @EKI@EJ@: K?@E C8P<I "#. :<CCJ	 =@IJK ;<M<CFG<; 9P -8EPF &K;	 8I< J@C@:FE JFC8I :<CC K?8K
:FD9@E< K?< ?@>? <==@:@<E:P F= :IPJK8CC@E< J@C@:FE :
-@ :<CCJ N@K? K?< CFN K<DG<I8KLI< ;<GFJ@K@FE K<:?EFCF>P F=
?P;IF><E8K<;8DFIG?FLJJ@C@:FE8
-@".?@JJKIL:KLI< GIF;L:<J 9FK?K?<<D@KK<I8E;K?<98:BJLI=8:<=@<C;- 
C8P<IJ .?< ?@>?
HL8C@KP G<I=FID8E:< F= "#. JFC8I :<CCJ ?8J 9<<E ;<DFEJKI8K<; N@K? <==@:@<E:@<J FM<I  @E
C89FI8KFIP :<CCJ 8E; FM<I  @E D8JJGIF;L:K@FE :<CCJ 98J<; FE K<OKLI<; E
KPG< QF:?I8CJB@ 4:IPJK8CC@E< J@C@:FE
:
-@ 5	6
'F;<C@E>F="#.:<CCJN8JJK8IK<;9PM8EC<<=<K 8C 56 LJ@E>K?<'*-:FDGLK<I:F;< 56	 N?@:??FN<M<I
;F<JEFK?8M<8GIFG<I9L@CK
@EFGK@:8CDF;<C8E; LJ@E> K?<;<I@M8K@M<F=K?<'*-GIF>I8D
'*-	N?<I<8
=8@ICP >FF; FGK@:8CDF;<C ?8J 9<<E @EKIF;L:<; 56 .?< ELD<I@:8C * GIF>I8D ),-
". 5	 6 ?8J 9<<E
;<M<CFG<;<JG<:@8CCP=FIJ@DLC8K@E>"#.JFC8I:<CCJ .?<*
GIF>I8D56	;<M<CFG<;8KK?</E@M<IJ@KPF=(<NJ
-FLK?18C<J	LJKI8C@8=FIDF;<C@E>K<OKLI<;DFEF
:IPJK8CC@E<J@C@:FEJFC8I:<CCJ	?8J8CJF9<<E=8@ICPJL::<JJ=LC@E
DF;<C@E>"#.:<CCJ.?<GIF>I8D-'*9P?8KK<IA<< $1 * 56	?8J8CJF9<<E<OK<E;<;KFDF;<C(
8
-@"*
:

-@KPG<=IFEKN@K?8?<K<IFALE:K@FEFECPFEK?<<D@KK<IJ@;< "#.:<CCJ 56
 FI FLIJKL;P	 N< ?8M< LJ<; K?< ELD<I@:8C ;<M@:< J@DLC8KFI -*J 56 KFJ@DLC8K<K?<FLKGLK:?8I8:K<I@JK@:JF=
"#.`J FE*
:
-@ JL9JKI8K<J -*J@J8FE<
;@D<EJ@FE8CJFC8I:<CC;<M@:<J@DLC8KFI	;<M<CFG<;8K&#-	/E@M<IJ@KP
F=!<EK	N?@:?@J=I<<CP8M8@C89C<KFK?<*0I<J<8I:?:FDDLE@KP.?<LJ<I:8E;<=@E<8JFC8I:<CC8J8J<I@<JF=C8P<IJ
N@K?;@==<I<EKGIFG<IK@<J	JL:?8JK?@:BE<JJ	;FG@E>;<EJ@K@<J8E;;<=<:K;@JKI@9LK@FE#K@JK?<EGFJJ@9C<KFJ@DLC8K<8
ELD9<IF=:FDDFED<8JLI<D<EKJ#_0	+	_=	8E;_0
.?@J G8G<I @J ;<M@J<; @EKF KNF G8IKJ	 =@IJK JK8IK@E>N@K? K?< GI<J<EK8K@FE F= K?< I<JLCKJ F= @EM<JK@>8K@FEJ F= K?<
JKIL:KLI8C 8E; FGK@:8C GIFG<IK@<J F= 4) =@CD GI<G8I<; 9P JGI8P GPIFCPJ@J D<K?F; .?< J<:FE; G8IK GI<J<EKJ K?<
J@DLC8K@FE JKL;@<J LJ<; KF <M8CL8K< K?<G<I=FID8E:<F=K?< JF
F9K8@E<; 4)8
-@"E8
-@"@:
-@GC
- C
"#. JFC8I :<CC  @E8CCP	 K?< I<JLCK@E> ;@J:LJJ@FE 8JJF:@8K<; KF K?< <OG<I@D<EK8C 8E; J@DLC8K@FE NFIBJ	 D8@ECP
:FE:<IEJK?<:FEM<IJ@FE<==@:@<E:P \	K?<J?FIK:@I:L@K :LII<EK;<EJ@KP$J:	 K?<FG<E:@I:L@KMFCK8><0F: 8E; HL8EKLD
<==@:@<E:P+ 8J8=LE:K@FE F=K?< 4) JGI8P<; :?8I8:K<I@JK@:J

 81(2,.(/4$-1$24 -$%02$4,0/ 4+(/ 3425&452$-$/'014,&$-1201(24,(3 0) #),-.

	 * !-/ 1(-,-% %(*+
.?<4)=@CD N8J JGI8P<; FE>C8JJJL9JKI8K<J9P K?< JGI8PGPIFCPJ@J D<K?F;  JFCLK@FEF= 'F=;<?P;I8K<;
Q@E: 8:<K8K< 4E ")) N@K?  F= GLI@KP @J ;@JJFCM<; @E D<K?8EFC ")" 8E; J@DLCK8E<FLJCP
;<GFJ@K<;8K TLE;<I8E 8@I:FE;@K@FE CLD@ELD:?CFI@;<CCN@K?F= GLI@KP N8J 8;;<; 8J ;FG8EK
JFLI:< N@K? 8I8K@FC4E <HL8CKF .?<:IPJK8CJKIL:KLI<J8E;K?<GI<=<I<EK@8CFI@<EK8K@FEF=K?<4)=@CDJN<I<
8E8CPQ<; 9P2
I8P ;@==I8:K@FE ILB<I  ;M8E:<; @==I8:KFD<K<I @E ]_] J:8E DF;< .?< J:8EE@E> <C<:KIFE
D@:IFJ:FG<-'N8J<DGCFP<;=FIK?<F9J<IM8K@FE F=K?<JLI=8:<DFIG?FCF>@<J .?<FGK@:8CKI8EJD@JJ@FEJG<:KI8
N<I<D<8JLI<;LJ@E>/0
0@J
(#, JG<:KIFD<K<I*<IB@E_CD<I&8D9;8 JG<:KIFD<K<I
 F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 855


 1/2"12/ *"' / "1$/(6 1(-,0 -%%(*+
.?< 2
,8P@==I8:K@FE2, G8KK<IEF= 4) =@C
					8E;	N?@:?
 GC8E<JF= K?< ?<O8>FE8C JKIL:KLI<	I<JG<:K@M<CP
JKIFE><I K?8E K?< FK?<I G<8BJ	 JL>><JK@E> K?8K 
G<IG<E;@:LC8IKF K?<JL9JKI8K< .?<C8KK@:<G8I8D<K<I
U 8E; :   U	 N?@:? @J @E >FF; 8>I<<D<E
'@:IFJ:FGP -' @D8><J F= K?< 4) =@CD >IFN
8II8E><D<EK F= K?< E8EFG8IK@:C<J DFJKCP LE@=FID 8E
;@==I8:K@FEG<8BJ @EK?<2,G8KK<IEF=K?<=@CD.?
ED
 

/
4(
/3
,4
9
$
5



 @> 2, G8KK<IEF=
 @> -'
D @JJ?FNE@E @>  .?<2, ;@==I8:K@FE G<8BJF= ] 
:8E9<8KKI@9LK<;KF			 	 		8
56 ;;@K@FE8CCP	K?<@EK<EJ@KPF= K?< G<8B@JF9M@FL
4) :IPJK8CC@K<J 8I< ?@>?CP FI@<EK<; N@K? K?< :
8O@J 9<
M8CL<JF9K8@E<;=FIFLI4E)=@CDJ8I<=FLE;<HL8CKF8
K N@K? M8CL<J I<GFIK<; @E C@K<I8KLI< 56 -:8EE@E> C<:KI
E 9P JGI8P GPIFCPJ@J 8I< J?FNE @E  @> 1< F9J<IM<;
;FECPJC@>?KCP@II<>LC8I :FE=@ID@E>K?<<O@JK<E:<F=8;;@K@F
<8M<I8><J@Q<F=4E)E8EFG8IK@:C<J@J@EK?<I8E><F=_
   






K?< 4)K?@E=@CD FE8>C8JJJL9JKI8K<
@D8><F=K?<4)K?@E=@CD
	
E;
JCP
@E>

FE
8E
E8C

856   F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 

 .1(" *"' / "1$/(6 1(-,0-%%(*+
1< I<GFIK @E  @> 	 K?< FGK@:8C KI8EJD@KK8E:< F= 4) =@CDJ >IFNE >C8JJ JL9JKI8K< LJ@E> >C8JJ JG<:KILD 8J
I<=<I<E:<.?<89JFIGK@FE:F<==@:@<EK9<?8M@FLI@JJ?FNE@EK?<#EJ<KF= @>1<?8M<<OG<I@D<EK8CCP=FLE;K?8K
K?< KI8EJD@JJ@FEM8CL<JF=K?<=@CD8I<CFN8K J?FIKN8M<C<E>K?J8E;K?<M8CL<J8I<?@>?8KCFE>N8M<C<E>K?J -F	K?<
=@CD 9<?8M<; 8J 8E FG8HL< D8K<I@8C 9<:8LJ< F= @KJ ?@>? 89JFI9@E> GIFG<IK@<J 8K J?FIK N8M<C<E>K?J 8E; 8J 8
KI8EJG8I<EKD8K<I@8C8KCFE>N8M<C<E>K?J .?<4)=@CDJ?FNJ8>FF;KI8EJG8I<E:PN@K?K?<8M<I8>< KI8EJD@KK8E:<
9<PFE; @EK?<M@J@9C<I8E><8E;89FM<@EK?<E<8I@E=I8I<;
      	 		






	
       	 		
	

	





"$6(-(/*4+/.

%3
02
14
,0
/
&0
()
),&
,(
/4

&
.
	


8	
"$6(-(/*4+/.
 
2$
/3
.
,44
$/
&(
 


 @> )GK@:8CKI8EJD@JJ@FEJG<:KI8F=4)=@CD






	


+
 
8
	
	
(
!
&
.
	

+(!
*	(!

  
   
	
 @> .?<GCFKJF=[?^ 8J=LE:K@FEF=G?FKFE<E<I>PF=K?<4)K?@E=@CD
 F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 857
#EFI;<IKF:8C:LC8K< K?<98E;>8GF=K?< 4)=@CD	N<LJ<;K?<.8L:JI<C8K@FEJ?@G568J=FCCFNJ
     &''   
N?<I< @J 8 :FEJK8EK	 ? @J*C8E:B`J :FEJK8EK	 	 @J K?<G?FKFE =I<HL<E:P	>@J K?<FGK@:8C 98E;>8G	 8E; @J K?<
89JFIGK@FE:F<==@:@<EK@EJ<K @>	N?@:? @J :8C:LC8K<; =FID KI8EJD@KK8E:< JG<:KILD 561<?8M<GCFKK<;@E @>
K?< :LIM< [?^8J=LE:K@FEF= K?<G?FKFE<E<I>P?^
E<OKI8GFC8K@FEF=K?<C@E<8II<>@FEF=K?< :LIM<F=[?^ FEK?<P
8O@J8>8@EJKK?<G?FKFE<E<I>P?^FEK?<O

8O@J >@M<J K?< M8CL< F= K?< 98E;>8G > ::FI;@E> KF K?< D<8JLI<; 89JFIGK@FE JG<:KI8 I<GFIK<; @E  @> 	 K?<
98E;>8GM8CL<N8J<M8CL8K<;<HL8CKF<0
 ,.5-$4,0/1$24/4(*2$4,0/0)#),-.,/ 30-$2&(--
	 -* /"$**01/2"12/$
.?< J@DLC8K<; JFC8I :<CC JKIL:KLI< @J 8 4)8
-@"E8
-@"@:
-@GC
- C	 8J J?FNE @E  @>  #E
J@DLC8K@FE F=K?< "#.JFC8I:<CC	 K?< KI8EJG8I<EK:FE;L:K@M<FO@;<	.)	 @JK?< 4)C8P<I GI<G8I<; @EK?<GI<J<EK
JKL;P 9P K?<JGI8PGPIFCPJ@J D<K?F; 8E;K?LJ	N<?8M<K8B<E@E:FEJ@;<I8K@FEG8I8D<K<IJ=FLE;;LI@E>K?<JKIL:KLI8C
8E; FGK@:8C :?8I8:K<I@Q8K@FE	 8J GI<J<EK<; 89FM< .?< -*J JF=KN8I< <EM@IFED<EK	 N?@:? @J 8 FE<
;@D<EJ@FE8C
JFC8I:<CC;<M@:<J@DLC8KFI	 N8J<DGCFP<;KFJ@DLC8K<K?@J:<CC
 @> -:?<D8K@:JKIL:KLI<F=.)8
-@E8
-@"@:
-@GC- C JFC8I:<CC
)OP><E;<=<:KJ@E:
-@N<I<=@O<;8K<089FM<K?<<;><F=K?<M8C<E:<98E;	8E;K?<:8GKLI<:IFJJ
J<:K@FEJ
=FI <C<:KIFEJ 8E;?FC<J N<I< 9FK?O
 :D 56.?< @EK<I=8:< JK8K< ;<EJ@KPF= K?< 8
-@":
-@ @EK<I=8:<N8J
:?FJ<E8JO :D
<0
.?<=IFEK8E;K?<98:B:FEK8:KJN<I<8JJLD<;8J=C8K98E;FE<J 8CCFN@E> KFE<>C<:KK?<
:FEK8:K GFK<EK@8C @E=CL<E:<.?< JLI=8:< I<:FD9@E8K@FE M<CF:@K@<J F= <C<:KIFEJ 8E; ?FC<JN<I<9FK? J<K 8J O
:DJ.?<I<:FD9@E8K@FED<:?8E@JDJ98E;KF98E;I<:FD9@E8K@FE	L><II<:FD9@E8K@FE8E;-?F:BC<P_,<8;_"8CC
-
&,1
$, ,
$, /
 
-
 
,*+4
858   F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 
I<:FD9@E8K@FEN<I<:FEJ@;<I<;;LI@E> K?@J J@DLC8K@FE	 8E; I<JLCKJ8I< I<GFIK<; @E.89C<.?<FK?<IG8I8D<K<IJ
LJ<; @E K?<J@DLC8K@FE 8E;JLDD8I@Q<; @E.89C< 8I< K8B<E=IFD,<=5	6 .?<JLEC@>?K @CCLD@E8K<J K?<I@>?K
J@;<F=K?<JFC8I:<CCE'!JFC8IJG<:KILD@JLJ<;=FIK?<FGK@:8C><E<I8K@FEKFJ@DLC8K<:LII<EK_MFCK8><#_0
:LIM<J LE;<I JK8E;8I; FE<
JLE @CCLD@E8K@FE :FE;@K@FEJ 8K @EK<EJ@KP F= D1:D .?< C@>?K I<=C<:K@FE F= =IFEK
:FEK8:K8E;98:B:FEK8:KN8JJ<KKF9< 8KJK8E;8I;M8CL<J=FIJL:?;<M@:<J	@< 8E;	I<JG<:K@M<CP.?<FGK@:8C
89JFIGK@FEF=8
-@"C8P<IN8JJ<KKF9<K?< 89JFI98E:<8
-@
1IFEJB@;8:?@<OKI8:K<;=IFD8;<=8LCK G8I8D<K<I=@C<
@E -*J JF=KN8I< 8E;	 :
-@ @J F9K8@E<; =IFD K?< :FDG<E;@LD F= K?< FG<E JFLI:< :FDGLK<I GIF>I8D *	
:FDDFECP LJ<; @E K?< JFC8I :<CC :FDDLE@KP =FI J@DLC8K@FE F= :IPJK8CC@E< J<D@:FE;L:KFI ;<M@:<J .?< FGK@:8C
89JFIGK@FEF=4) C8P<I LJ<;FLI <OG<I@D<EK8C ;8K8 @EJ<K  @> #E K?< JFC8I :<CC ;<M@:<G?PJ@:J	 K?< @DGFIK8EK
G8I8D<K<IJ KF 9< ;@J:LJJ<; 8I< K?< FG<E :@I:L@K MFCK8>< 0F:	 K?< J?FIK :@I:L@K :LII<EK ;<EJ@KP $J: 8E; K?<
<==@:@<E:P\0F:@JK?<MFCK8><N?<EEF:LII<EKG8JJK?IFL>?K?<:<CC	N?<I<8J$J:@JK?<:LII<EKN?<EEFMFCK8><
@J8GGC@<;
.89C<  *<I=FID8E:<F= "#. JFC8I :<CCJ =FIJ@DLC8K@FE
:
-@G 8
-@ "@ 8
-@"E C
- 
&8P<I K?@:BE<JJED
@<C<:KI@::FEJK8EK
O





O

C<:KIFE8==@E@KP<0    
8E;>8G<0    
==<:K@M<:FE;L:K@FE98E;;<EJ@KP:D
 O O O O
==<:K@M<M8C<E:<98E;;<EJ@KP :D
 O O O O
C<:KIFEDF9@C@KP:D0
 J
    
"FC< DF9@C@KP:D0
 J
    
FG@E>:FE:<EKI8K@FEF=8::<GKFIJ:D
 O   O
FG@E>:FE:<EKI8K@FEF=;FE8KFIJ:D
   O 
.?<ID8CM<CF:@KP F=<C<:KIFE:DJ
 O O O O
.?<ID8CM<CF:@KP F=?FC<:DJ
 O O O O
L><II<:FD9@E8K@FE:F<==@:@<EK=FI<C<:KIFE:DJ
 O
   O

L><II<:FD9@E8K@FE:F<==@:@<EK=FI ?FC<:DJ
 O
   O

@I<:K@FE98E;KF98E;I<:FD9@E8K@FE:F<==@:@<EK:DJ
 O
   O


 (+2* 1(-,/$02*10
,<C@89C<JFC8I:<CCDF;<CC@E>DLJK9<98J<;FE8::LI8K<8E;I<C@89C<FGK@:8C8E;<C<:KI@:8CDF;<CC@E>G8I8D<K<IJ
F=K?<;<M@:< .?<4)=@CD>IFNEFE>C8JJJL9JKI8K<N8J8GGC@<;8JKI8EJG8I<EK=IFEK:FEK8:K=FI8"#.JFC8I:<CC
;<M@:< 8E;@KJGIFG<IK@<J8E;<==@:@<E:PN<I<:FDG8I<;N@K?K?FJ<F=8I<=<I<E:<:<CC	8JGIFGFJ<;@EK?<J@DLC8K@FE
JF=KN8I<<EM@IFED<EK
.89C<C@JKJ:FII<JGFE;@E>"#.JFC8I:<CCJ:?8I8:K<I@JK@:J =FLE;;LI@E>K?<J@DLC8K@FE 1<8CJFI<GFIK@E @>
8E;  @> 	 K?< :LII<EK ;<EJ@KP 
 MFCK8>< $ 
 0 :?8I8:K<I@JK@:J 8E; K?< HL8EKLD <==@:@<E:P 8J =LE:K@FE F= K?<
N8M<C<E>K?	I<JG<:K@M<CP	=FIK?<I<=<I<E:<"#.JFC8I:<CC8E;K?<"#.JFC8I:<CCN@K?FLI4)=@CD
.89C< *<I=FID8E:<F= "#. JFC8I :<CCJ N@K?8E;N@K?FLK4)
$J: D:D 0:F D0 \ 
"@KJFC8I:<CCN@K?JGI8P<; 4)   
,<=<I<E:<JFC8I:<CC N@K?FLK4):FEK8:K   
 F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 859
 @> LII<EK;<EJ@KP8J8=LE:K@FEF=MFCK8><=FI 4)8
-@"E8
-@"@:
-@GC
- C JFC8I :<CCJ N@K?8E;
N@K?FLK4)
.?<9<E<=@:@8C<==<:KF=@EK<>I8K@FE4)=IFEK:FEK8:K=FI @E:I<8J@E>K?<$J:@E:FDG8I@JFEKFK?<I<=<I<E:<JFC8I
:<CCN@K?FLKK?<4)C8P<I@J:C<8ICPF9J<IM<;@E @>
.?< ?@>?<JK <==@:@<E:P \	 <HL8C KF N8J F9K8@E<; =FI K?< "#. :<CC N@K? JGI8P<; 4)	 N?<I< 8J K?<
I<=<I<E:< ;<C@M<I<; FECP  LE;<I @;<EK@:8C :FE;@K@FEJ CJF	 K?< J8D< ?@>? FG<E :@I:L@K MFCK8><	 0F: N8J
8:?@<M<;N@K?K?<JGI8P<;4).?<J< I<JLCKJ 8I<@E>FF;8II8E><D<EKN@K?I<JLCKJF=C@K<I8KLI< 5	6

    	 	







	




"$6(-(/*4+/.
()(2(/&(&(--7,4+054#
12$9('#
 @> +L8EKLD<==@:@<E:P F= 4)8
-@"E8
-@"@:
-@GC
- C JFC8I :<CCJ N@K?8E;N@K?FLK4)







	
	



!0-4$*( !


12$9('#
()(2(/&(&(--7,4+054312$9('#

52
2(
/4
'
(/
3,
49
.

&
.



860   F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 
#EI<=56	4?8F <K8C ?8M< =89I@:8K<;"#.J@C@:FEJFC8I:<CCJN@K?:FEM<IJ@FE<==@:@<E:P89FM<KF N?<I<8J
K?< K?@E JFC8I :<CCJ =89I@:8K<; 9P8F <K 8C 56 ?8M< 8 :FEM<IJ@FE <==@:@<E:P F=  .?@J :FDG8I@JFEN@K?
I<JLCKJF=C@K<I8KLI<GF@EKJFLKK?<>FF;HL8C@KPF=K?<4)K?@E=@CDJF9K8@E<;@EK?<GI<J<EKJKL;P #E  @>	 K?<+
D<8JLI<D<EKJ J?FN K?8K K?< JFC8I :<CC N@K? K?< 4) =IFEK :FEK8:K GI<J<EKJ 8 ?@>?<I I<JGFEJ< @E K?< E<8I
/0

0@J@9C<
E<8I
#,I<>@FEED
 EDK?8EK?<I<=<I<E:<:<CC .?LJ	8J@K @JN<CC
BEFNEK?8KK?<G<I=FID8E:<F=
8 ?<K<IFALE:K@FE :<CC :I@K@:8CCP ;<G<E;J FE .) =IFEK :FEK8:K 56	 K?< I<GFIK<; +D<8JLI<D<EKJ :FE=@ID K?@J
GFJJ@9C< @DGIFM<D<EK F=K?<=LE:K@FE@E>F="#.JFC8I:<CC9P8E@EK<>I8K@E>F=4)C8P<I@EK?<JKIL:KLI<
 0/&-53,0/3
4) =@CDJ N<I< ;<GFJ@K<; FE >C8JJ JL9JKI8K<J 9P JGI8P GPIFCPJ@J @E K?< 8@D KF ><K FGK@D@Q<; K?@E =@CD =FI
"<K<IFJKIL:KLI< N@K? #EKI@EJ@: .?@E &8P<I FI "#. JFC8I :<CCJ -KIL:KLI8C :?8I8:K<I@Q8K@FEJ F= K?<4) =@CD	 LJ@E>
2,8E;-'K<:?E@HL<JGF@EK FLK8E8II8E><D<EK F= K?< E8EFG8IK@:C<J DFJKCP LE@=FID ?@>?CPFI@<EK<;N@K?K?<:

8O@J9<@E>G<IG<E;@:LC8IKFK?<JL9JKI8K<.?<<OG<I@D<EK8C ;<K<ID@E8K@FEF=K?< 98E;
>8G	F9K8@E<;9PKI8EJD@JJ@FE
D<8JLI<D<EKJ	 >@M<J8M8CL<F= <0 -*J 8-FC8I<CC8G8:@K8E:<-@DLC8KFIJ@DLC8K@FEGIF>I8DN8JLJ<;
KF @EM<JK@>8K< K?< <==<:K F=4) =@CD GIFG<IK@<J FE K?< FG<I8K@E> G8I8D<K<IJ 8E; <==@:@<E:P F= 4)8
-@"E8

-@"@:
-@GC
- C "#.JFC8I:<CCJ.?<?@>? <==@:@<E:P\ F= N@K? 8 J?FIK:@I:L@K:LII<EK ;<EJ@KP$J:
<HL8CKF D:D8E; 8 ?@>?<II<JGFEJ<@EK?< 0@J@9C<
E<8I
#, I<>@FEED
 ED	:FDG8I<;KF"#.:<CC
N@K?FLK4)=@CD N<I< F9K8@E<; =FI K?<"#.JFC8I:<CCN?<E @DGC<D<EK@E> 4) 8K K?<98:B:FEK8:K.?@J I<JLCK
;<DFEJKI8K<J K?< =<8J@9@C@KP F= LJ@E> JGI8P
GPIFCPJ@J K<:?E@HL< =FI K?< ;<GFJ@K@FE F= C8I>< 8I<84) :FEK8:KJ =FI
JFC8I:<CC8GGC@:8K@FEJ
()(2(/&(3
56 %@D	3LE#	%@D" 89I@:8K@FEF=IFL>?C;FG<;4E)=@CDJ;<GFJ@K<;9PCFNGI<JJLI<:?<D@:8CM8GFI;<GFJ@K@FE=FI?@>?<==@:@<E:PK?@E
=@CDJFC8I:<CCJLII<EKGGC*?PJ-
-
56 <IEWE;<Q-	!8E;Y8$$.<OKLI<FGK@D@Q8K@FEGIF:<JJF=4E)CK?@E=@CDJLJ@E>("C8HL<FLJJFCLK@FE=FI8GGC@:8K@FEJ8J8EK@I<=C<:K@M<
:F8K@E>@EK?@E=@CDJFC8I:<CCJ.?@E-FC@; @CDJ

56-Q8IBF$'	-FE>$%	C8:BC<;><1	-N8IK#	&<FE<-,	&@-	4?8F3	)GK@:8C@EA<:K@FE GIF9@E>F=J@E>C<4E)K<KI8GF;C8J<IJ?<D*?PJ
&<KK

56?<E$	?<E	4?FL3	&@1	38EA@<,	"L&C<:KIF:?<D@:8C;<GFJ@K@FEF=C
;FG<;4E)KI8EJG8I<EK:FE;L:K@E>E8EFN@I<J8II8PJ=FI
K?@E
=@CDJFC8I:<CC<C<:KIF;<J'8K<I&<KK

56"@I8?8I8(	)ENFE8
>P<D8E(	(8B8F'*I<G8I8K@FEF=C
;FG<;4E)K?@E=@CDJ8J KI8EJG8I<EK:FE;L:K@M<JL9JKI8K< @E;P<
J<EJ@K@Q<;
JFC8I:<CC.?@E-FC@; @CDJ

56*I8J8;8,8F.	-8EK?FJ?%LD8I' *?PJ@:8CGIFG<IK@<JF=!8
;FG<;4E)K?@E=@CDJ9PJGI8PGPIFCPJ@J$CCFPJFDG;J


561@<EB<$	FF@A-4E)#E;<GFJ@K@FE9PJGI8PGPIFCPJ@J
@E=CL<E:<F=K?<>IFNK?:FE;@K@FEJFEK?<<C<:KI@:8C8E;FGK@:8CGIFG<IK@<J.?@E
-FC@; @CDJ

56?<E2&	18E> 	!<E>8"2	4?8E>%	1<@	4?8E>2	4?8F3(8K@M<CPK<OKLI<;JLI=8:<C
;FG<;4E)
.)C8P<IJN@K?>I8;L8C
FOP><E>IFNK?=FIK?@E=@CDJFC8I:<CCJM@8D8>E<KIFEJGLKK<I@E>GGC-LI=-:@	

563<E1.	&@E3	%<$"-LI=8:<K<OKLI<;4E)CK?@E=@CDJ9PGLCJ<;D8>E<KIFEJGLKK<I@E>=FIK?@E=@CDJFC8I:<CCJ8GGC@:8K@FEJGGC
-LI=-:@	

56IFJJ8P	L<:?<C<I-	%I8EQ&	*<II<EFL;$	 <CC8'	,FD8EPLB3	.@N8I@(-GI8P
;<GFJ@K<;C
;FG<;4E)KI8EJG8I<EK:FEK8:KJ
=FI;.<JFC8I:<CCJ-FC8IE<I>P'8K<I@8CJ-FC8I<CCJ_

56-8N8;8.	.<I8;8(	.JL><-	898.	.8B8?8D8.	18B@J8B8%	.JL;8-	(8B8EF-"@>?
<==@:@<E:P8
-@":
-@?<K<IFALE:K@FEJFC8I:<CCJ	
@E*IF:<<;@E>JF=K?< @IJK1*FE=<I<E:<	"8N8@@	/-		

56.8@I8-	3FJ?@D@E<3	898.	.8>L:?@'	%8EEF"	%@EFJ?@K8.	-8B8K8"	'8ILP8D8	.8E8B8')LI8GGIF8:?<J=FI8:?@<M@E>"#.
JFC8I:<CCJN@K?DFI< K?8E<==@:@<E:P #E*IF:<<;@E>JF= K?<E;LIFG<8E*?FKFMFCK8@:-FC8IE<I>PFE=<I<E:<	'@C8E	 #K8CP	_	


56 08E C<<= '1'	 -:?IFGG ,#	 ,L9@E<CC@   -@>E@=@:8E:< F= KLEE<CC@E> @E G 8DFIG?FLJ J@C@:FE :8I9@;< E :IPJK8CC@E< J@C@:FE
?<K<IFALE:K@FE JFC8I:<CCJGGC*?PJ&<KK

56': C?<EP *	 I:? $%	 &@E "-	  FE8J? - ,8E>< F= M8C@;@KP F= K?< JLI=8:< G?FKFMFCK8>< ;@==LJ@FE C<E>K? D<8JLI<D<EK  :FDGLK<I
J@DLC8K@FE$GGC*?PJ
	#--(

56*C8 $	.8D8J@'	,@QQFC@,	&FJLI;F'	<EKLI@FE@	-LDDFEK<	,L9@E<CC@ )GK@D@Q8K@FEF=#.)C8P<IJ=FI8GGC@:8K@FEJ@E8
-@:
-@
?<K<IFALE:K@FEJFC8I:<CCJ.?@E-FC@; @CDJ

 F.Z. Bedia et al. /  Energy Procedia  50 ( 2014 )  853 – 861 861
564?8F&	&@"&	4?FL&	@8F"1	18E>1$ )GK@D@Q<;I<J@JK@M@KPF=G
KPG<-@JL9JKI8K<=FI"#.JFC8I:<CCN@K?C98:BJLI=8:<=@<C;9P
:FDGLK<IJ@DLC8K@FE-FC8IE<I>P

568F0	"<F$	?F@"	%@D3	*8IB-	$LE>-	&8BJ?D@E8I8P8E(	3@$-@DLC8K@FE8E;JKL;PF=K?<@E=CL<E:<F=K?<9L==<I@EKI@EJ@:C8P<I	
98:B
JLI=8:<=@<C;	;<EJ@K@<JF=@EK<I=8:<;<=<:KJ	I<J@JK@M@KPF=G
KPG<J@C@:FEJL9JKI8K<8E;KI8EJG8I<EK:FE;L:K@M<FO@;<FE?<K<IFALE:K@FEN@K?
@EKI@EJ@:K?@E
C8P<I"#.JFC8I:<CC-FC8IE<I>P

568JFI<* (LD<I@:8CDF;<C@E>F=K<OKLI<;J@C@:FEJFC8I:<CCJLJ@E>*
#.I8EJ8:K@FEFEC<:KIFE<M@:<J

56?8KK<IA<<*:FDGLK<I8E8CPJ@JF= K?<<==<:KF=8N@;<
98E;
>8G<D@KK<I C8P<IFEK?<G<I=FID8E:<F=8
-@"
98J<;?<K<IFALE:K@FE JFC8I
:<CCJ$GGC*?PJ

56 (8K? '	 ?8KK<IA<< *	 8DFE
&8:FJK< $	 ,F:8 #	 898IIF:8J * I@K<I@8 =FI @DGIFM<; FG<E
:@I:L@K MFCK8>< @E 8
-@"(:
-@* =IFEK
?<K<IFALE:K@FEN@K?@EKI@EJ@:K?@EC8P<IJFC8I:<CCJ$GGC*?PJ


56LI><CD8E'	(FCC<K*	<>I8M<-'F;<CC@E>GFCP:IPJK8CC@E<J<D@:FE;L:KFIJFC8I:<CCJ.?@E-FC@; @CDJ
	

56$*-8I;(F
4E)?<O8>FE8C
56*8EBFM<$#)GK@:8C*IF:<JJ<J@E-<D@:FE;L:KFIJ	*I<EK@:<
"8CC#E:	E>C<NFF;C@==J	($	
56-?8EDL>8E8K?8E!	-?8D<<D8EL #	%I@J?E8E-	,8E>8E8K?8E #E=CL<E:<F=%
;FG@E>FE K?<FGK@:8C GIFG<IK@<J F=4E) K?@E =@CDJ
>IFNE9P:?<D@:8C98K?;<GFJ@K@FED<K?F;$CCFDG;J

